To understand agro-climatic suitability for spring soybean growth in north China, an integrated cropresponse-function method was developed. This method includes crop-response functions for temperature, precipitation, and sunshine and is assessed by a weighting method based on the coefficient of determination. The results show that the most suitable area (S1) for spring soybean growth occupied approximately 21.35% of the total area of north China. Among three types of spring soybeans of early maturity, middle maturity, and late maturity, middle maturity was the most suitable variety to grow in the study area, covering nearly 1.133 3 10 6 km 2 or about 99.75% of the total area of S1. As a result of this study, the authors suggest that breeders pay more attention to middle-maturity cultivars in north China. The findings from this study may provide useful information for policy makers issuing guidelines for agricultural production.
Introduction
China is the fourth major soybean producer in the world after United States, Brazil, and Argentina. In the recent 30 years, the total production of soybean has been steadily increasing to reach approximately 16 million tons. Spring soybeans, which are an important crop in north China, account for more than two-thirds of the total area and quantity of soybeans grown across the nation (Kou and Feng 2008, 4-6) .
Until now, published research on the effects of climatic factors on soybeans concentrated on the response of soybean growth and final yield to climatic factors (Sinclair and Rawlins 1993; Lal et al. 1999; Bhatia et al. 2008) . However, to guide agricultural production, some countries have introduced agro-climatic crop regionalization aiming at avoiding low-efficiency crops cultivation (Brown and Chapman 1960a,b, 1961; Nuttonson 1965; Li 1987) . The regionalization was based on identification of agro-climatic suitability (Ogunkun 1993; Satyavathi and Reddy 2004; Yang et al. 2010) . Some studies related to agro-climatic suitability for crops, especially for soybeans, showed methods based on analysis of data for the whole life cycles of crops. Since crop growth and yield are largely determined by weather during the growing season, even minor deviations from the usual weather pattern in any growing phase will lead to a reduction in the efficiency of externally applied inputs and thus to yield reduction (Mall et al. 2004 ). In addition, response functions of single climatic factor developed for detecting crop agro-climatic suitability need to be integrated (Cutforth and Shaykewich 1990; Zhao et al. 2003; Wei et al. 2007) .
In light of the increasing concerns, this study seeks to achieve three objectives: 1) to develop an integrated crop-response-function method to evaluate agro-climatic suitability for spring soybean growth in north China; 2) to map agro-climatic suitability for spring soybean growth at a large geographic scale; 3) to provide the methodological basis for future study on the effect of climate change on agro-climatic suitability for spring soybeans.
Materials and method

a. Study area
In terms of agro-climatic thresholds for spring soybean growth ($108C annual activated accumulated temperature ranging between 19008 and 40008C, total annual precipitation ranging between 200 and 1200 mm, and total annual day light duration between 2300 and 3100 h) (Kou and Feng 2008, 4-6) , the study area covers the whole of north China. It includes 12 provinces and two municipalities (see Fig. 1 ), extending from latitude 318469 to 538429 and from longitude 738289 to 1348559with an area of approximately 5.3 million km 2 . The climate varies gradually from subhumid and warm temperate in the Huanghuaihai Plain to subarid, arid, and cold temperate in the north. A single-cropping system of spring soybean prevails in the study area.
b. Phenology of spring soybeans in north China
There are many spring soybean varieties that are grown in north China in response to environmental-and economic-benefit drivers. The reason the authors selected north China to be the study area is that the physiological and phenological characteristics of spring soybean in north China are very similar (Qiu and Wang 2007, 3-6) . Though there are different kinds of spring soybean varieties, all the varieties could be classified into early maturity, middle maturity, and late maturity in terms of cultivation calendar (Ding 1959; Li and Chang 1998) . The life cycle of spring soybeans is composed of five important phases, see Table 1 (Qiu et al. 2009 ). To compare the duration of the life cycles for the three types, phenological changes provided from field observations are shown in Table 1 (Pan et al. 1982; Yan et al. 2008; Yang and Yang 2009 ).
c. Method description
1) CROP-RESPONSE FUNCTIONS
Temperature, precipitation, and sunshine are the three most important climatic factors that affect crop growth (Peart et al. 1989; Hanks and Ritchie 1991) . To calculate agro-climatic suitability of spring soybean in north China, the authors applied crop-response functions of temperature, precipitation, and sunshine as follows.
(i) Temperature
The relationship between agro-climatic suitability of spring soybeans and temperature is shown using
where S(T i ) is agro-climatic suitability related to temperature for the i life cycle phase of spring soybeans, ranging between 0 and 1; T i refers to averaged temperature in the i life cycle phase; T i1 , T i2 , and T i0 are minimum threshold temperature, maximum threshold temperature, and most suitable temperature for spring soybean growth in the i phase, respectively; and B i is a intermediate variable (Cutforth and Shaykewich 1990; Ma 1996) .
The map of the study area.
(
ii) Precipitation
The relationship between agro-climatic suitability of spring soybeans and precipitation is shown using S(P i ) 5
where S(P i ) is agro-climatic suitability related to precipitation for the i life cycle phase of spring soybeans, ranging between 0 and 1; P i is the averaged precipitation in the i life cycle phase; and P i1 and P ih are minimum threshold of suitable precipitation and maximum threshold of suitable precipitation in the i phase, respectively (Xu et al. 2000; Zhao et al. 2003) .
(iii) Sunshine
The relationship between agro-climatic suitability of spring soybeans and sunshine is shown using
where S(S i ) is agro-climatic suitability related to sunshine for the i life cycle phase of spring soybeans, ranging between 0 and 1; S i is the averaged sunshine in the i life cycle phase; S i0 is the most suitable sunshine duration in the i phase; and b i is constant in the i phase (Huang 1996) .
2) THE WEIGHTING METHOD
The agro-climatic suitability for the whole life cycle of spring soybeans was determined by the climatic suitability of temperature, precipitation, and sunshine in the different phenological phases of the crop. Moreover, climatic suitability for each of the phenological phases usually makes different contributions to the final output (Qian et al. 2004) . Therefore, it is necessary to weight them. In this article, the weighting method based on the coefficient of determination (R 2 ) was applied to calculate weighting values (Collins et al. 2001; Wei et al. 2007 ).
We established linear regressions between the averaged agro-climatic suitability of temperature, precipitation, and sunshine for the different phenological phases and the averaged yield per area unit in a given region of the study area, then calculated the coefficients of determination (R 2 ). The weighting value for a single climatic factor in a given phenological phase was the percentage of coefficient of determination for this climatic factor in the sum of coefficients of determination for the climatic factors in all the phenological phases,
where a ti refers to weighting value for climatic factor t (temperature, precipitation, or sunshine) in the i life cycle phase; R 2 ti is the coefficient of determination for climatic factor t in the i life cycle phase; n represents the total number of phenological phases in the life cycle of spring soybeans; and m is the total number of climatic factors (Wei et al. 2007 ).
3) AGRO-CLIMATIC SUITABILITY FOR THE WHOLE LIFE CYCLE OF SPRING SOYBEANS
Based on the Eqs. (1)-(4), agro-climatic suitability for a type of spring soybean for the whole life cycle was calculated using
where S c refers to agro-climatic suitability of a type of spring soybean (early maturity, middle maturity, or late maturity) for the whole life cycle (with values that range between 0 and 1) and S ti is agro-climatic suitability related to a climatic factor t in the i life cycle phase. Since spring soybean in north China is usually a singlecropping variety, different types of early maturity, middle maturity, and late maturity are incompatible in cultivation date at a site. Thus, the authors selected the variety with the highest suitability to be the final output to guide agricultural production. The agro-climatic suitability for the whole life cycle of spring soybean was calculated using
where S is agro-climatic suitability for the whole life cycle of spring soybean, with values that range between 0 and 1. The authors applied geometrical interval method to rank agro-climatic suitability S into five grades: S1 (very suitable), S2 (suitable), M (middle level), U1 (unsuitable), and U2 (very unsuitable).
d. Data collection and processing
1) DATA COLLECTION
All the meteorological data used in this study were acquired from 341 standard weather stations located in the study area and belonging to the China Meteorological Administration (see Fig. 2 ). These data were the averaged daily values for the period 1971-2000. The data of yield per area unit for spring soybeans were obtained from the China Statistics Bureau. The statistical data were the averaged annual values for the period 1991-2000. Because the availability of per area yield data is restricted, the weather data for the same period 1991-2000 were used when developing linear regressions between the averaged agro-climatic suitability of temperature, precipitation, and sunshine for the different phenological phases and the averaged yield per area unit in a given region of the study area.
The parameters needed for Eqs.
(1)-(3) are mainly subject to climatic conditions, but not constrained to physiological characteristics. In other words, parameters taken from the literature could represent spring soybean for the whole study area. These parameters could be found in the relevant publications (Huang 1996; Cao and Zhang 2000; Yang and Yang 2009 ).
2) DATA PROCESSING
The original data of temperature, precipitation, and sunshine that were obtained from the weather stations had been recorded on a daily basis. The phenological phases (see Table 1 ) were matched by the averaged recorded values of the three climatic factors during the life cycle of the soybeans. The weather data were interpolated within 1 km 3 1 km grids using a kriging function in ArcGIS software. Subsequently, agro-climatic suitability in the different life cycle phases was calculated using Eqs. (1)-(3) .
However, the climatic observation sites in Xinjiang Province and Qinghai Province are relatively too few to be used for kriging interpolation. Thus, the authors applied the method ''linear regression 1 spatial residual,'' which was implemented to study especially in the two provinces mentioned above, to calculate temperature values (Zhong 2007) . The method first analyzed the correlation between the averaged annual temperature for the period 1971-2000 and longitude, latitude, and altitude. The R 2 was excellent with a value of 0.897. The residue, which is the difference value of actual temperature value to the calculated value by linear regression, could be interpolated with 1 km 3 1 km grids. For each 1 km 3 1 km grid, the averaged annual temperature value was equal to the sum of the calculated value by linear regression and residue. The validation results indicated that the R 2 was 0.994 and the average error was 1.53%, which means that the method was very suitable for temperature calculation in the region.
For precipitation, the authors adopted a similar method of ''linear regression 1 spatial regression.'' The little difference between precipitation and temperature during the operation was that consideration of slope was present in the linear regression (Zhou et al. 2006 ).
The authors processed spring soybean yield (kg ha 21 ) obtained in the counties where the 341 climatic stations were located to calculate the mean agro-climatic suitability within the boundaries of these counties. Ultimately, weighting values were calculated using Eq. (4) and the final results showing agro-climatic suitability of various regions of north China could be determined using Eqs. (5) and (6). The weighting values are shown in Table 2 .
Results and discussion
a. Agro-climatic suitability for spring soybean growth
The grading for agro-climatic suitability is in Table 3 . The calculated mean value of the agro-climatic suitability of spring soybean growth for the whole study area is 0.83. This value indicates that the whole study area is positioned in the M (middle level) of the agro-climatic suitability scale for spring soybean growth (see Table 3 ). The most suitable area (S1) with an area of nearly 1.14 3 10 6 km 2 , occupying 21.35% of the total area of north China, is situated in the eastern parts of Xinjiang; the western and eastern parts of Inner Mongolia; the small northern parts of Ningxia; the small eastern parts of Shaanxi; the southern parts of Shanxi, Hebei, Beijing, and Tianjin; and the western parts of Liaoning and Jilin (see Fig. 3 ). The most unsuitable area (U2) was found to be only in Qinghai and a very small patch in Gansu, with an area of nearly 12% of the total area of north China. The areas of S2, M, and U1 occupied 20.62%, 22.49%, and 23.54% of the total area, respectively. It is obvious that the spatial distribution of agro-climatic suitability classes of spring soybean growth generally does not match the administrative boundaries (see Fig. 3 ).
The very suitable area (S1) and suitable area (S2) areas are mostly situated in the plains (e.g., the Songnen Plain in northeast China), whereas the very unsuitable areas are mainly located in high-elevation regions (e.g., the Qinghai Plateau in the boundary of Qinghai Province). Precipitation greatly affects spatial distribution of agro-climatic suitability for spring soybean growth. The reason that the eastern parts of Xinjiang Province were most suitable for soybean growth in an agricultural climate is that precipitation has been significantly increasing since the 1980s. In summary, latitude, altitude, and elevation determine the distribution of temperature and moisture that are crucial for spring soybean growth. An interesting observation was made in the Sanjiang Plain, located in the easternmost part of north China. It is well known that soybean is sensitive to day length. Insufficient sunshine in three of the five phenological phasesnamely the first, second, and fifth-greatly affected the crop yield. In recent years, the total soybean production in this region had been decreasing and climatic factors were among the reasons leading to the result.
b. The contributions of early, middle, and late maturity to total production of soybeans According to Fig. 4 , among the three types of spring soybean in the study area, the variety of middle maturity was the main component to the final output mentioned above; meanwhile it occupied nearly 1. accounting for 99.76% of the total area of S1. In fact, in the most important soybean production areas in north China such as northeast China, the most popular spring soybean variety is the middle maturity. In addition, the area suitable for early maturity is approximately 2865 km 2 , which only accounts for about 0.24% of the total area of S1. The area under late maturity is none. When autumn falls in north China, the possibility of low temperature and frost dramatically increases. The low temperature and frost have very significant unfavorable effects on the soybean late-maturity variety.
In fact, the soybean cultivation suitability involves not only natural factors such as climate, soil, hydrology, and topography, but also socioeconomic ones such as irrigation, road accessibility, and farmers' inclination. Climatic factors, which are key to crop cultivation-to some extent they are the most important factors that determine the spatial distribution of soybean-are usually simplified by only using annually averaged temperature or annually accumulated temperature for the whole life cycle of a crop. The method could not effectively and precisely measure the effects of climatic factors on soybean growth in the different phases of life cycle. Moreover, crops are usually divided into different varieties in terms of phenology, for instance, early maturity, middle maturity, and late maturity. When applying response function, if we do not consider varieties subject to growth date of soybeans, results were also not accurate.
Thus, we integrated the response functions of single climatic factor to detect crop agro-climatic suitability, which mainly aimed to guide agro-climatic regionalization for soybean. The authors suggest that breeders pay more attention to middle-maturity cultivars in north China. This paper will provide a reference for cultivation suitability for soybean, even extending to other crops based on a comprehensive index system containing natural factors and socioeconomic factors.
Conclusions
An integrated crop-response-function method used in this study has been able to demonstrate the agro-climatic suitability of north China for spring soybean cultivation. The findings of this study show that the Songnen Plain in northeast China; the eastern parts of Xinjiang Province; the eastern and western parts of Inner Mongolia; and the southern parts of Shanxi Province, Hebei Province, Beijing, and Tianjin are the most suitable for spring soybean growth, and that the middle-maturity types are most suitable cultivars in north China. The findings of this study are expected to be useful for policy makers in charge of planning agricultural production.
